We used an optical trap and a high-speed camera to image water bubble initiation on the surfaces of multiwalled carbon nanotubes. The laser wavelength was 1064 nm and the average power was 100 mW. This is the first demonstration of bubble formation on individual nanotubes. Most, but not all, nanotubes exhibited bubble formation. Bubbles both grew from and collapsed down to submicrometer size. Bubbles grew at the point where the laser heated a given nanotube. Transmission electron microscopy showed presence of amorphous coating and other structural defects on nanotube surface, which are most likely to act as bubble nucleation sites. No separation of the bubble from the nanotube surface was observed. #
B
oiling is considered to be the most efficient mode of heat transfer and it has become an attractive option for new and emerging thermal management techniques. 1) Over the years, many researchers have reported enhancement of boiling heat transfer by employing novel materials. Coursey et al.
2) performed pool-boiling experiments on graphite foams and studied the effects of chamber pressure and fluid type on nucleate boiling. The thermal conductivity and thermal diffusivity of the foam were reported to be four and five times that of copper respectively. More recently, nanostructures such as carbon nanotubes have received much attention because of their exceptional thermal properties. Berber et al.
3) reported a thermal conductivity value of 6600 W/mK for individual nanotubes at room temperature and 3000 W/mK at 400 K ($8 times that of copper), although values for multiwalled nanotubes are much lower. 4, 5) Ahn et al. 6) studied the pool boiling characteristics of a silicon substrate coated with vertically aligned multiwalled carbon nanotubes (MWCNT). The MWCNTs were synthesized on Si wafers by chemical vapor deposition (CVD). Their key findings were: (a) nucleate boiling was marginally sensitive to the thickness of the coating, (b) film boiling heat flux was strongly sensitive to the thickness of MWCNT coating (it increased by 57% when coating thickness increased from 9 to 25 m), and (c) pool boiling did not affect the morphology of the coating.
The aim of this work was to study the heat transfer phenomenon on the surface of individual free standing carbon nanotubes as a precursor to boiling experiments. We were able to separate out an individual nanotube by use of a nanomanipulator inside a scanning electron microscope (SEM). Heat flux to the nanotube, immersed in sub-cooled water, was provided by using a 1064 nm infrared laser at 100 mW average power. We believe that this is the first demonstration of bubble formation on individual nanotubes. Our premise was that because carbon nanotubes can have high absorption of infrared laser wavelengths, as demonstrated through spectral responsivity, 7) suitably high absorption of energy could allow bubble formation to occur on a carbon nanotube.
MWCNTs used in this study were fabricated by thermal CVD that used xylene and ferrocene at 725 C. These nanotubes were typically 100 to 200 nm in diameter. One specimen consisted of a MWCNT attached to an electrical probe tip. The MWCNT, approximately 30 m long and 150 nm in diameter, was attached to the tip by use of a 3-axis nano-manipulator inside a SEM. Details of specimen fabrication can be found elsewhere. 8, 9) Other MWCNTs were also dispersed onto a glass slide, providing the second specimen. The nanotubes were dispersed with chloroform, which should have left no residue on the glass slide to affect bubble formation. CNTs usually have a range of sizes, defect densities, and presumably chiralities, based on the CVD preparation method.
In order to heat individual nanotubes to observe their heat transfer characteristics, we used an infrared laser at 1064 nm wavelength. The laser was used along with a high-resolution inverted biological microscope with either a 60 or 100 Â objective in a typical laser-trapping configuration. 10, 11) A schematic drawing for the set up is shown in Fig. 1 . The probe tip containing the free standing nanotube was immersed in a drop of water on a glass slide. The 1064 nm laser was then focused on the surface of the nanotube to a spot size of approximately 1 m. Since the laser spot size is much larger than the diameter of the nanotube specimens, only a fraction, probably less than half, of the laser power could be absorbed by the specimens. Water and glass absorb little or none of the 1064 nm radiation; therefore no bubbles were formed unless the laser was incident on nanotubes.
We used a high-speed camera to image the bubble formation phenomenon and the subsequent contraction of the bubble when the laser was removed from the surface of the nanotube specimen suspended from a probe tip. Images were acquired at up to 10 kHz. Focusing of the 1064 nm laser energy on the surface of the nanotube formed bubbles very rapidly. Figure 2 shows SEM and optical micrographs of the nanotube attached to a probe tip and bubble formation on the nanotube in a 1 ms time interval. The bubble remained attached to the surface of the nanotube. Bubble initiation occurs at a submicrometer size, and condensation definitely ends at the submicrometer level, as small a size as can be observed by optical microscopy. The bubble dilation and contraction are repeatable, so we believe that there is little or no damage to the nanotube and that the bubble formation is ordinary in that water is being transformed from the liquid to vapor phase, followed by condensation of the bubble back into liquid. The observation with the single nanotube attached to a tungsten probe tip showed formation of a bubble on the nanotube surface; the bubble remained localized and was never separated from the surface.
We were also interested in studying the effect of change in nanotube geometry and type on the phenomenon of bubble formation. For this we dispersed some MWCNTs on a glass slide with a drop of water covering them.
The same techniques as those used for the suspended nanotube were used for these experiments, and in this case as well we observed similar bubble formation when the focused laser heated the tubes, for most, but not all, of the nanotubes. The sequence of images shown in Fig. 3 show heating, and therefore nanometer size bubble dilation, followed by laser removal and bubble contraction. Interesting to note here is that not all of the nanotubes showed bubble formation; presumably, some of the nanotubes do not absorb the 1064 nm laser radiation, or at least absorb the radiation less efficiently. One possible explanation is that since these nanotubes were dispersed on a microscope cover slip made of glass, some heat may be carried away by the glass or impurities that might be present at the nanotube-cover slip interface. However, that would assume that the thermal resistance is small at the interface between nanotube and glass and that the thermal conductivity of materials other than the nanotubes such as glass, at 1 WÁm À1 ÁK À1 , or water, at 0.6 WÁm À1 ÁK À1 , would transfer a significant amount of heat. The weak Van der Waals bonding of the nanotubes to the glass slide would have a high thermal resistance. The lowest value seen in the literature for MWCNTs is 15 WÁm À1 ÁK À1 , still much higher than that of glass or water. 5) Additionally, glass and water are for practical purposes transparent to the 1064 nm radiation of the laser. It could be that some chiralities of nanotubes absorb and some do not, or that the heating effect is by way of a plasmon resonance that occurs for some chiralities and for some it does not. A difference in chirality affects the electron density of states, which affects the plasmon resonance. Research done by Vivian, et al. implies that differences in bubbling behavior are due to differences in absorption. 12) These authors showed that collections of carbon nanotubes exhibit bubble formation when using both 1064 and 532 nm laser radiation. Additionally, their experiments used no single nanotubes; therefore, their samples probably had a range of chiralities. Transmission electron microscopy showed presence of thick amorphous coating on suspended nanotube specimens prepared by using nanomanipulation techniques in a SEM as shown in Fig. 4 . This happens during nanotube separation and electron beam induced deposition (EBID) welding process. Presence of such impurities reduces the heat conduction capacity of a nanotube resulting in hot spots, which can act as bubble nucleation sites.
A calculation for the equilibrium diameter of a bubble, which gives an estimate of the diameter required for detachment of a bubble that was formed on a CNT, can be obtained from the following equation: The equilibrium break-off diameter is calculated to be: d ¼ 1:5 mm. This bubble diameter is much larger than the maximum bubble size observed in our experiments, and is larger than we could probably achieve from a drop of water on a glass slide. This clearly explains the reason for the bubble not detaching from the nanotube surface.
To summarize, heating of a suspended MWCNT in subcooled water by 1064 nm laser energy showed formation of nanometer to micrometer size bubbles. The laser was operated in a laser trapping arrangement in conjunction with an inverted biological microscope at 100 mW average power. The bubbles forming at the nanotube surface grew to as much as 5 -7 m in diameter during the continued exposure. No separation of the bubble from the nanotube surface was observed.
Experiments were also performed on a different configuration; the nanotubes were dispersed on a glass slide, and exposure to the laser resulted in bubble formation similar to that of a freestanding nanotube, although in this case, some of the nanotubes showed no bubble formation even after continued exposure. This could be attributed to the difference in impurities, chirality, or thermal conductivity of nanotubes. It is possible that some of the nanotubes were of metallic nature and hence dissipated heat faster. But this still remains an area, which requires detailed investigation.
This study enhances our understanding of transport phenomenon at the level of individual carbon nanotubes and their potential application in various thermal management schemes, particularly those involving phase-change cooling. 15) Further work will include determination of bubble formation sites along a nanotube of suitable length. It will be interesting to see whether the bubble forms at more than one site on the nanotube. 
